The discovery of a neutrino line or, more broadly, a sharp feature in neutrino data could provide a striking hint for the existence of the dark matter particle. We review here a search for sharp spectral features using neutrino data from IceCube. No significant hint for a signal from decaying dark matter was found in the analysed dataset. Yet, we show a strong improvement of the limits, which makes it worth discussing how they compare to the limits obtained from gamma-ray data.
Introduction
Because of gravitational evidences at all scales, the existence of dark matter (DM) in our Universe is considered well established. Yet, the nature of the second main ingredient of the cosmic cocktail remains a mystery. According to some theoretical models, DM particles could annihilate or decay, and produce sharp features in the gamma-ray and/or neutrino spectra (e.g. lines in case of γγ and νν finales states, to name but a few). In the context of indirect searches these features are dubbed as "smoking guns", for they cannot be mimicked by conventional astrophysical backgrounds at multi-GeV energies, and hence constitute the most striking signatures of DM to look for.
In the following, the focus is put on neutrino features. Since the discovery of an extraterrestrial flux in 2013, neutrinos have gained in popularity but our motivation to study their possible features also lies in the fact that an energy resolution comparable to the one of current gamma-ray telescopes in the GeV to TeV energy range (10 − 15%) is achievable by IceCube (e.g. for a fully contained event selection) 2 . This, together with the fact that many years of data are becoming available, could potentially provide sensitivities competing with analogous searches in the gamma-ray sky.
We propose to review the broad lines of our analysis in Sec. 2. Results are presented in Sec. 3, and are followed by a summary.
The analysis was performed on a 2-year data sample from the IceCube Collaboration 3 , with energies ranging from 100 to 10 8 GeV. The distribution of events, as a function of deposited energy E dep , is shown in figure 1 (black +). In order to see if there is any hint for a smoking-gun in this sample, we use the approach that consists in attempting to reject the background-only hypothesis H 0 using a profile likelihood ratio test statistic 4 .
We model the number of events in each energy bin i with a Poisson probability distribution. Hence, the binned likelihood reads
where N i obs gives the number of observed events in bin i, and N i model is the model prediction in that bin. The model includes four contributions in total:
Our backgrounds consist of the atmospheric neutrinos (red area in figure 1), atmospheric muons (green) and neutrinos potentially coming from an astrophysical source that is not DM (blue) and whose flux is simply modelled by a power-law with spectral index −γ. On top of the precited backgrounds, we allow for the injection of a DM signal (first term in Eq. (2)). Taking into account energy dispersion effects, we test for the presence of different types of smoking-guns, that is, different alternative hypotheses H 1 : monochromatic neutrinos 5 , box-shaped spectra 6, 7 and power-laws with a kinematical cut-off at half of the DM mass m DM 7 . A branching ratio of one is always assumed.
We finally build, for each hypothesis H 1 , the profile likelihood ratio test statistic TS = 2 ln L (n sig = n sig,best ,θ)
whereθ ≡ (n 1,2,3 ,γ) maximizes the unconditional L andθ ≡ (n 1,2,3 ,γ) maximizes L under the condition n sig = 0, that is, the null hypothesis H 0 . The tests are carried out at fixed DM masses m DM . The (local) significance for rejecting H 0 in favour of the alternative hypothesis H 1 tested is given by √ TS (Wilks theorem) 8 .
In all of our tests, √ TS is found to be < 2σ, locally. The 95 % C.L. lower limits on τ DM , as a function of m DM , are then set by requiring that the profile likelihood L (n sig ) with respect to its maximum values to have TS < 2.71. They are presented in figure 2 in the case of a pure monochromatic neutrino line at the decay (together with the 68% and 95% containment bands) and in figure 3 for few other spectra assumptions. Note the effect of the Glashow resonance on the limits around m DM = 2 × 6.3 PeV. It is interesting to compare the limits obtained from neutrino-line searches to the ones from gamma-ray line searches (Fermi-LAT 9 and H.E.S.S. 10,11 ), as is done in figure 4 . For multi-TeV energies, we show that the sensitivities reached on neutrino lines are now comparable to those existing on monochromatic gamma-ray lines. For example, around 20 TeV DM masses, we have improved them by about a factor 50 with respect to the latest IceCube limits available for DM decay 12 .
Note also the strong constraints obtained from the neutrino sky above the maximum energy considered by H.E.S.S (∼25 TeV), and where-to our knowledge-there are no numerically relevant gamma-line constraints.
With foreseen improvements in both neutrino 13, 14, 15, 16, 17 and gamma-ray 18, 19, 20, 21 data, this opens up increased chances to see a "double smoking gun" signal in the form of a monochromatic neutrino line plus a gamma-ray line from DM particles' decays 22 .
The same analysis can of course be performed under the assumption of annihilating DM, with the slight difference that limits would be set on the average annihilation cross section of DM particles σ ann v . We do not show the corresponding limits here, as we are currently investigating this option in a more detailed study, including angular information of events in our likelihoods.
A search for sharp neutrino features from DM decay, using a binned likelihood in energy, has been presented. No signal was found, but we have illustrated with a particular example-DM decay-the potential of neutrinos feature searches in the context of DM: that is, the possibility to achieve, in regions of the parameter space, sensitivities comparable with gamma-ray counterparts. In particular, the discovery of a "double-barrelled" smoking gun in the future does not seem unrealistic at all.
